Allopolyploidy generates diversity by increasing the number of copies and sources of 2 chromosomes. Many of the best-known evolutionary radiations, crops, and industrial 3 organisms are ancient or recent allopolyploids. Allopolyploidy promotes differentiation 4 and facilitates adaptation to new environments, but the tools to test its limits are lacking.
Introduction 1 9
Polyploidy generates diversity by increasing the number of copies of each 2 0 chromosome 1 . Allopolyploidy instantly adds chromosomal variation from multiple hybrid populations grew as much as 71% faster on xylose than the reference S. 1 3 3 cerevisiae strain, and populations evolved on xylose outperformed those evolved on 1 3 4 glucose (one-sided Wilcoxon rank sum test, p-value = 1.29*10 -2 ) ( Supplementary Fig. 6 , 1 3 5 Supplementary Table 6 ). Importantly, all our evolved hybrids grew well at low 1 3 6 temperature conditions (4 °C) where the S. cerevisiae parent could not grow ( Figure   1 3 7 5B), demonstrating that the cold tolerance of the other parents 27,28 had been retained 1 3 8 through hybridization and ALE. Since maximum growth rate on xylose improved considerably regardless of whether 1 4 0 hybrids were evolved on xylose or glucose, we hypothesized several factors that could 1 4 1 be responsible, such as xylose cassette amplification or genome stabilization. Neither 1 4 2 chromosome IV nor the xylose utilization genes themselves were selectively amplified in 1 4 3 either condition ( Figure 2B , Supplementary Fig. 7 , Supplementary Table 7 ). Evolved 1 4 4 hybrids with more reduced genome sizes tended to have slightly higher fitness among an allopolyploid genome stabilizes matters more for adaptation than total size, which 1 4 8 tetraploid yeast cells in a manner similar to HyPr 33 . We show here that iHyPr can be 1 6 7 used to produce higher-order hybrids iteratively without additional transformations. Although six-species hybrids were unstable and quickly lost chromosomes, they iHyPr exploits the Saccharomyces mating system by heterologously expressing the 1 7 2 HO gene from differentially marked plasmids 20 . We expected that Ho would cut one 1 7 3 copy of the heterozygous MAT locus of the diploid strain and use homology repair to 1 7 4 convert the locus from heterozygous to homozygous, presumably over a small gene 1 7 5 conversion patch using either a homologous chromosome or a silent mating cassette as 1 7 6 the template. Although both this mechanism and larger breakage-induced replication 1 7 7 events likely occur some of the time at this locus, 88.9% of the translocations or 1 7 8 deletions involving chromosome III were unbalanced, suggesting other repair 1 7 9 mechanisms are also leading to mating-type locus hemizygosity or homozygosity. For that inactivation of one of the MAT locus copies can also restore sexual competency 37 . Regardless of the precise mechanisms at work, the iHyPr method clearly facilitated the 1 8 9 iterative recovery of the sexual competency of higher-order hybrids by controlling and 1 9 0 exploiting these naturally occurring mechanisms to generate interspecies hybrids with 1 9 1 levels of allopolyploidy never seen in budding yeasts. iHyPr as a tool to study allopolyploids 2 3 2 phenomenon merits further study. In summary, we generated and extensively characterized two-, three-, four-, and six-2 3 5 species synthetic hybrids, using iHyPr. We also improved the fitness of evolved strains, 2 3 6 which mimic the genetic processes seen in tumor cells escaping antitumorigenic 2 3 7 treatments, where polyploidy drives genome instability and evolution 8 . Our higher-order 2 3 8 allopolyploids acquired genome aberrations involving multiple species as they rapidly 2 3 9 adapted to new environmental conditions. This new technology pushes the budding 2 4 0 yeast cell toward its limits in pursuit of basic research questions in chromosome biology 2 4 1 and evolutionary genetics, as well as potential industrial applications. The reference strain chosen for improvement was GLBRCY101, a haploid derivative 2 4 5 of the Saccharomyces cerevisiae GLBRCY73 strain, which had been engineered with 2 4 6 xylose utilization genes from Scheffersomyces (Pichia) stipitis and aerobically evolved 2 4 7 for the consumption of xylose [24] [25] [26] . Representative strains were selected from five ( Supplementary Table 1 ). These six parent strains were used to generate the six- We previously published two HyPr plasmids with natMX (pHCT2) and hphMX 2 5 5 (pHMK34) resistance cassettes 20 . Following our previously described methodology, we 2 5 6 amplified the ble (ZEOcyn resistance) and nptII (G418 resistance) coding regions for 2 5 7 marker swaps to generate pHRW32 and pHRW40 plasmids, respectively 2 5 8 (Supplementary Table 8 ). The new HyPr plasmids enabled complex, iterative crossing schemes without adding extra steps to remove one of the two HyPr plasmids between 2 6 0 the hybridization steps ( Supplementary Fig. 1 ).
6 1
Saccharomyces transformation with HyPr plasmids 2 6 2 Before transforming GLBRCY101 with a HyPr plasmid, we removed its nuclear 2 6 3 kanMX cassette by swapping the kanMX marker to tkMX 42 . Next, we transformed this 2 6 4 strain using a short DNA fragment designed to allow the tkMX gene to be removed via four HyPr plasmid versions (Supplementary Table 1 ). The diploid parent strains contain 2 7 1 levels of heterozygosity lower than 0.037 % ( Supplementary Table 1 ).
7 2
Transformation of yeast strains was done using the lithium acetate/PEG-4000/carrier 2 7 3 DNA method 43 with previously described modifications for particular species 20 . S. MAT loci (see below). The experimental reference strain yHRW135 was derived from iHyPr (iterative HyPr) method for sequentially generating higher-order hybrids 2 8 0
Following the HyPr method to facilitate mating-type switch 20 , we pre-cultured strains promoter. To generate the six-species hybrids yHRWh36 and yHRWh39, we first 2 8 5 hybridized three separate pairs of species, generating two-species hybrids 2 8 6 (Supplementary Fig. 2A,B ). In each case, once the three two-species hybrids were 2 8 7 generated, two of those two-species hybrids were themselves hybridized to create a 2 8 8 four-species hybrid, which finally was hybridized with the last two-species hybrid to 2 8 9 generate the six-species hybrid. To generate the six-species hybrid yHRWh56, two two-2 9 0 species hybrids were separately crossed with diploid Saccharomyces strains from other 2 9 1 species to create two separate three-species hybrids, which were then mated to 2 9 2 generate the six-species hybrid ( Supplementary Fig. 2C ). Before each cross, parent 2 9 3 strains were transformed with differentially marked HyPr plasmids (Supplementary 2 9 4 Table 1 , 8, Supplementary Fig. 1 , 2) and treated with doxycycline in YPD at room 2 9 5 temperature, except for S. cerevisiae which was incubated at 30 °C. As previously 2 9 6 described 20 , the doxycycline triggers the expression of the Ho endonuclease, which 2 9 7 cuts one or more MATa/MATα idiomorphs and generates mating-compatible strains that Eppendorf tube and patched on a YPD plate. After 2-3 days, a sample was taken with a 3 0 0 toothpick and streaked on a YPD plate supplemented with the corresponding drugs to 3 0 1 select for successful matings. In contrast to the original HyPr method, we pre-cultured 3 0 2 the new hybrid in YPD with one of the two drugs used during the selective medium step, 3 0 3 and that hybrid was then crossed with another strain containing one or two of the other 3 0 4
HyPr plasmids not used previously ( Supplementary Fig. 1 , 2). During these subsequent 3 0 5 steps, we expected (and phenotypically verified) the loss of the HyPr plasmid containing 3 0 6 the drug-resistance cassette not under selection. This approach and the additional HyPr plasmids made for this study facilitated the iterative crosses required to make six- generations between crosses ( Supplementary Fig. 1 ).
The frequency of successful two-, three-, four-, and six-species hybrid generation 3 1 1 were quantified in duplicates (n=2) ( Supplementary Table 3 ). The patch of co-culture with the corresponding drugs and the number of colonies observed in YPD.
1 6
Mating-type and PCR-RFLP confirmation of strains 3 1 7
Diploidization of the S. cerevisiae strain was confirmed by PCR at the mating-type (RFLP) analysis. We used the Standard Taq Polymerase (New England Biolabs,
Ipswich, MA) and the primers listed in Supplementary Table 9 . Genomic DNA was 3 2 1 extracted using the phenol:chloroform method on a strain grown from pre-culture to 3 2 2 saturation in YPD. Aliquots of 700 µl of saturated culture were located in 1.5 ml were added to each tube. Vigorous vortexing was performed for 3-4 minutes, followed 3 2 8 by 5 minutes of centrifugation at maximum speed. The top aqueous layer was 3 2 9 transferred to 1 ml 100 % EtOH. After an inversion mixture, DNA was precipitated at -80 3 3 0 °C for at least 10-15 minutes. A second centrifugation at maximum speed was 3 3 1 performed, and the supernatant was discarded. We washed the pellet with 700 µl of 70 3 3 2 % EtOH, and we centrifuged again to remove any residue or trace of the supernatant. The pellet was dried and resuspended in 100 µl of EB at 50-60 °C for 30 minutes. To remove RNA, we incubated the solution with 0.5 µl of 10 mg/ml RNase A for 30 minutes 3 3 5 at 37 °C. DNA was quantified with a Qubit 2.0 Fluorometer (ThermoFisher Scientific). For PCR-RFLP, resulting PCR products were digested with a restriction enzyme or a Flow cytometry data files were processed in FlowJo v10.4.2 46 . Samples were 3 6 0 first gated on SSC (Side SCatter) and FSC to remove debris. Doublets were then 3 6 1 removed by gating on BL1-A and FSC-A. A histogram of BL1-A values were then 3 6 2 generated for remaining cells. Hydroxyurea peaks were identified and gated manually. Cycle model and identifying G1 and G2 means. When cell cycle models did not fit the 3 6 5 asynchronous sample data automatically, hydroxyurea samples were used to identify 3 6 6 G1 peaks and these were manually gated to constrain G1 in asynchrounous samples. Ploidy estimation were performed by comparing with fluorescence values of a haploid 3 6 8 laboratory reference S. cerevisiae strain, S288C ( Supplementary Table 1 ).
6 9
Cell size estimation 3 7 0
A subset of strains were used for microscopy analysis of cell size. Each strain was 3 7 1 spotted from frozen stock onto YPD agar plates and grown at room temperature for 4 3 7 2 days. Water-cell suspensions were prepared for each strain, which were bright-field- To measure the impact of genome size increases on fitness, we performed a growth 3 7 7 test in a rich medium. All parent species and the two-, three-, four-, and six-species hybrids were pre-cultured in 3 ml of YPD at room temperature. After pre-culture, 10 µl of For each strain, the number of chromosomes and the ploidy were estimated from the 4 1 3 sppIDer plots. This approximation gave a significant positive correlation with the ploidy ( Supplementary Fig. 5C ). The number of chromosomal aberrations was based on the 4 1 6 number of gains, losses, or unbalanced translocations detected in the sppIDer plots 4 1 7
( Supplementary Table 2 ). One chromosomal gain, loss, or unbalanced translocation Two different approaches were performed to quantify the genome size of the 4 2 5 sequenced strains. In the first approach, genome assemblies were performed using the assembly stats reported by iWGS was selected, and the genome size was reported 4 2 8 (Supplementary Table 2 ). In the second approach, sppIDer coverage outputs (StrainName_winAvgDepth-d.txt) were parsed to quantify the percentage of each where Pspp, is the percentage for one of the parent species; Ct, is the number of 4 3 4 windows with a coverage mean value above 2; Ws, is the window size; and Gs is the 4 3 5 reference genome size for that parent species. These two calculations yielded a good 4 3 6 approximation of the increased genome size, but both generated estimates that 4 3 7 assumed the highly homozygous genome donated by each parent was haploid; iWGS 2.2*10 -16 , Supplementary Fig. 5D ).
0
To get a better approximation of the genome size of each allopolyploid, we first rank test r = 0.93, p-value = 1.1*10 -7 , Supplementary Fig. 5B ).
6
Quantification of the number of copies of the xylose utilization cassette Wilcoxon rank sum test for a significant deviation from the expected ratio 1:1 (1 copy of 4 5 7 the cassette to one copy of chromosome IV) ( Supplementary Table 7 ). Three to five days of fermentation were performed to allow cells to consume the sugars, Microtiter plate growth curves 4 7 0
We compared the growth kinetics of the S. cerevisiae reference strain yHRW135, depending of the medium tested. After pre-culture, 10 µl of saturated culture was series of 10-fold dilutions in YPD. 5 µL of each dilution was spotted onto three YPD-4 9 8 agar plates, identically. Plates were incubated in sealed plastic bags to keep them from 4 9 9 drying out at the temperatures mentioned above. Each plate was photographed when 5 0 0 most strains exhibited significant growth (4 days for 22°C, 11 days for 10°C, and 38 5 0 1 days for 4°C). evolved, and they are reported in Figure 5A and Supplementary Table 5 . data (Figure 2A) , r 2 and significance of regression were calculated with summary(lm(y 5 1 6 ~ x)), where x was the number of species, and y was the number of observed Supplementary Fig. 5, 8) , and plots were generated using ggplot2.
2 0
The impact of mitochondrial inheritance ( Figure 4B ) in the retention of the nuclear 1 Van de Peer, Y., Mizrachi, E., and Marchal, K., "The evolutionary significance of 5 3 6 polyploidy," Nat Rev Genet 18, 411-424 (2017) . invasions," 109, 19-45 (2012) . 3 Otto, S. P. and Whitton, J., "Polyploid incidence and evolution," Annu Rev Genet 34, entire yeast genome," Nature 387, 708-713 (1997) . same" (describing the HyPr method with WGA, DP, and CTH as inventors). Supplementary Fig. 1, 2 . Arrows mark hybridization steps. For additional intermediate and six-species hybrid nuclear and mitochondrial genomes with higher resolution, see 7 1 8 Supplementary Fig. 3, 4 . Ancestor six-species hybrids underwent ALE for 80 7 1 9
Generations. Supplementary Fig. 3) , which were corrected based on flow cytometry ploidy hybrid ( Supplementary Fig. 3 ). Chromosomal aberrations involving parts of whereas smaller loss-of-heterozygosity events were not counted. The synthetic hybrids 7 2 8 generated from each independent scheme are represented with different shapes. Color inheritance was inferred using mitosppIDer ( Supplementary Fig. 4 ). The numbers of is shown in the right part of the figure, which is colored according to the right legend. Ploidy estimates based on de novo genome assemblies, which correlates with flow 7 3 8 cytometry (Spearman rank sum test R = 0.88, p-value = 7.5*10 -8 , Supplementary Fig.   7 3 9 5C), are indicated at the right side of the figure. Synthetic hybrids are reported in the 7 4 0 order constructed ( Supplementary Fig. 2 ). Diploidized GLRBCY101 (yHRW134) and black square. Note that considerable karyotypic diversity continued to be generated 7 4 8 during 80 generations of ALE ( Figure 6 ), but each evolved strain is easily recognized as 7 4 9 more similar to its ancestor six-species hybrid. counted cells). C) Genome size ( Supplementary Table 2 ) versus the average maximum 7 5 4 growth rate (µ (n=6), defined as (ln(OD2)-ln(OD1))/(T2-T1)) in rich medium at 20 °C 7 5 5
( Supplementary Table 4 ). Dashed lines are the µ for the parent species indicated close 7 5 6 to the line. For S. uvarum, the average of two strains with different HyPr plasmids is 7 5 7 shown. D) The maximum specific growth rate (µ, defined as (ln(OD2)-ln(OD1))/(T2-T1))) 7 5 8 in rich medium at 20°C is higher in interspecies hybrids inheriting S. cerevisiae mtDNA.
5 9
Colors correspond to the number of species contributing genomes to each strain. the percentage of retention is indicated inside the bar plot for each synthetic hybrid. Presence is reported, not copy number. Synthetic hybrids are displayed in the order 7 7 1 constructed ( Supplementary Fig. 2 ). yHRWh4 is shown multiple times because of its 7 7 2 use in two crossing schemes. We did not expect 100% genome contribution for each 7 7 3 Saccharomyces species, even for recently created hybrids, because some genomic ( Supplementary Fig. 4) , with two or more mtDNAs or regions shown as a gradient. B) Each panel contains the mtDNA inheritance for the synthetic hybrid used to generate 8 4 7 that particular six-species hybrids ( Supplementary Fig. 2) . sppIDer produces multiple 
